Double-strand breaks (DSBs) are harmful DNA lesions that can generate chromosomal rearrangements or chromosome losses if not properly repaired. Despite their association with a number of genetic diseases and cancer, the mechanisms by which DSBs cause rearrangements remain unknown. Using a newly developed experimental assay for the analysis of translocations occurring between two chromosomes in Saccharomyces cerevisiae, we found that a single DSB located on one chromosome uses a short homologous sequence found in a third chromosome as a bridge to complete DSB repair, leading to chromosomal translocations. Such translocations are dramatically reduced when the short homologous sequence on the third chromosome is deleted. Translocations rely on homologous recombination (HR) proteins, such as Rad51, Rad52, and Rad59, as well as on the break-induced replication-specific protein Pol32 and on Srs2, but not on Ku70. Our results indicate that a single chromosomal DSB efficiently searches for short homologous sequences throughout the genome for its repair, leading to triparental translocations between heterologous chromosomes. Given the abundance of repetitive DNA in eukaryotic genomes, the results of this study open the possibility that HR rather than nonhomologous end joining may be a major source of chromosomal translocations.
Genomic instability can be a source of cell death and cancer (3, 34) . It is usually manifested as mutations and chromosomal rearrangements, including translocations, deletions, inversions, and duplications, often leading to gene fusions that may play a key role in the initial steps of tumorigenesis and subsequent cancer development (41, 42, 44) . It is widely assumed that all rearrangement events are initiated by DNA double-strand breaks (DSBs) (1, 27, 49) . In somatic cells, DSBs generally occur during DNA replication or by the action of environmental agents, such as genotoxic chemicals or ionizing radiation. Nevertheless, the mechanisms responsible for chromosomal rearrangements are not completely understood.
Eukaryotic cells have evolved two main pathways to repair DSBs: nonhomologous end joining (NHEJ) and homologous recombination (HR). NHEJ involves processing of the two break ends so that either addition or deletion of nucleotides can occur prior to ligation and, consequently, mutations may be introduced. The involvement of NHEJ in the generation of chromosomal rearrangements has been extensively studied (9, 32, 62) , and a number of NHEJ-mediated chromosomal rearrangements associated with cancer have been reported (4, 35) . HR requires significant amounts of homology between the broken DNA ends and the intact DNA sequence to be used for repair. For this reason, HR is typically error free. However, HR can also be a source of chromosomal rearrangements when occurring between DNA repeats located in different chromosomes (33, 54) .
HR may occur via different mechanisms, depending on the nature of the DNA ends, the location of the homologous partners, and the length of homology (reviewed in reference 46) . After a chromosome break, cells carry out a genome-wide search for homologous sequences that are used as template for the repair of the broken chromosome. When both ends of the DSB (two-ended DSB) are homologous to sequences present in an intact chromosome, HR may proceed by DSB repair (DSBR) or synthesis-dependent strand annealing (SDSA) mechanisms (reviewed in reference 21). When only one end of the DSB (one-ended DSB) is homologous to sequences elsewhere in the genome, break-induced replication (BIR) becomes the alternative HR repair mechanism, as shown for yeast (39) . Whereas HR repair of two-ended DSBs is completed with the capture of the second end, repair of one-ended DSBs relies on DNA synthesis primed by the invading end all the way to the end of the chromosome or until it encounters a barrier (43) .
In yeast, both DSBR/SDSA and BIR require the DSB repair genes of the RAD52 epistasis group, including the RAD51 strand exchange factor and the RAD52 single-stranded DNA binding protein (reviewed in reference 30). However, RAD51 may be dispensable in BIR occurring between particular substrates, such as inverted repeats (5, 12, 58) . BIR requires additional specific replication proteins, such as Pol32, one of the subunits of DNA polymerase ␦ that is dispensable for replication and DSB repair mechanisms other than BIR (36) .
To gain further insight into the mechanisms of chromosomal translocations, we devised an intron-based chromosomal translocation assay in Saccharomyces cerevisiae, in which a DSB is generated in a single chromosome by the HO endonuclease. We show that DSB-induced translocations occur via triparen-tal recombination events. A short homologous sequence in a third chromosome serves as a bridge template for HR events occurring between two nonhomologous chromosomes. The triparental HR events that occur in our assays give rise mainly to reciprocal translocations that require Rad52, Rad51, and importantly, Pol32. Rad59, as well as the nonreplicative DNA helicase Srs2, are also required, although to a lesser extent, whereas Ku70 or Mus81 endonuclease play no role. We conclude that BIR-mediated triparental recombination could be a major mechanism for chromosomal translocations in eukaryotic cells.
MATERIALS AND METHODS
Yeast strains and plasmids. The yeast strains used in this study are listed in Table S1 in the supplemental material. All strains were isogenic to strain W303. rad52⌬, rad51⌬, and srs2⌬ single-deletion mutants were obtained with 60-mer oligonucleotides via the PCR-based gene replacement method (61) . All deletions were confirmed by PCR and Southern blot analysis. pol32⌬, rad59⌬, rad1⌬, ku70⌬, and mus81⌬ mutant strains were obtained by genetic crosses. The ACT1 intron was deleted as previously described (23) to obtain the ACT1⌬i strain.
The recombination system was constructed by chromosome integration of plasmids specifically constructed for this study. For this, the LEU2 gene under the control of the GAL1 promoter from plasmid p314GLB (47) was split by digestion with EcoRV to generate two LEU2 fragments, leu2⌬5Ј (750 nucleotides [nt]) and leu2⌬3Ј (350 nt plus the transcriptional termination sequence from the CYC1 gene). The intron of the yeast ACT1 gene (ACT1-i, 308 bp) was amplified by PCR by using oligonucleotides ACT-s and ACT-as (see Table S2 in the supplemental material) and Pfu polymerase (Promega). The blunt-ended PCR fragment containing the ACT1 intron was cloned into the GLB plasmid to generate plasmid GLB-ACT-i. The desired orientation of the cloned ACT1-i was confirmed by DNA sequencing. Plasmid GLB-ACT-i was digested with XhoI, which had a unique restriction site in the intron (located at nucleotide position 62 from the 5Ј donor splice site); blunt ended; and finally ligated to the URA3 cassette (plasmid GLB-ACT-i-U). To place these constructs in the yeast chromosomes, the fragment GAL1p::leu2⌬3Ј::ACT1-i⌬3Ј::URA3 was amplified by PCR using oligonucleotides IIIint-s and IIIint-as (see Table S2 in the supplemental material) and was integrated next to the SUP61 locus, at chromosome III, in the yeast strain MKOS3C (see Table S1 in the supplemental material), by transformation. The recovered recombinants were tested for both the correct integration and the desired orientation of the DNA fragment by Southern analysis.
On the other hand, a hygromycine (HYG) cassette, followed by the 117-bp region surrounding the HO cleavage site present at the MATa locus, was cloned at the same blunt ended-XhoI restriction site of plasmid GLB-ACT-i (plasmid GLB-HYG::HO-ACT-i). The desired orientation of the HYG-HO cassette was confirmed by DNA sequencing. The fragment HYG-HOcs::ACT1-i⌬5Ј::leu2⌬5Ј was amplified by PCR with oligonucleotides XVint-s and XVint-as (see Table S2 in the supplemental material) and was integrated into chromosome XV at the HIS3 locus in the WS strain (see Table S1 in the supplemental material). Diploid strains with the complete experimental system were obtained by crossing the derivative haploid strains MKOS3C and WS carrying the recombination systems, and the corresponding haploid strains with the complete experimental system were obtained by sporulation and tetrad dissection.
Determination of recombination frequencies. Yeast colonies were grown on yeast extract-peptone-adenine-dextrose (YPAD) plates. For recombination analyses, independent colonies were picked from plates and grown overnight in liquid minimal medium (synthetic complete [SC] medium-3% glycerol-2% lactate). HO endonuclease expression was induced by the addition of 2% galactose. After 24 h of incubation in the presence of galactose, appropriate dilutions were plated on SC-galactose to determine the total cell number and on SC-galactose without leucine to determine the number of recombinants. Recombination frequencies were obtained as the median value for at least six independent colonies for each test performed for each strain. Statistical analysis was performed using the 2 test.
Kinetic analysis of BIR intermediates by PCR. After galactose induction, yeast cells were taken at different times and genomic DNAs were extracted according to standard methods. Analysis of the DNA intermediates produced by the first HR step was done by PCR using oligonucleotides p1 and p2. PCR detection of the DNA intermediates produced by the second HR step was performed with oligonucleotides p3 and p4. Control PCR products were detected by using oligonucleotides p1 and p4. Whereas PCR analysis of the DNA strand invasion at the HMR locus was done with oligonucleotides p3-1 and p15-1, DNA strand invasion at MAT was monitored by using the oligonucleotides p3-2 and p15-2. PCR detection of DNA translocations between chromosomes III and XV was performed with oligonucleotides p3-3 and p15-3. Oligonucleotide sequences are listed in Table S2 in the supplemental material. PCR amplifications were performed with a standard profile of 95°C for 30 s, 51°C for 30 s, and 72°C for 60 s  during 35 cycles. For MAT DNA strand invasion reactions, PCR extension time was increased up to 4 min. PCR primers were used at 1 M, deoxynucleoside triphosphate mix was used at 200 M, and GoTaq DNA polymerase (Promega) was used at 5 U/ml under otherwise standard conditions. PCR products were subjected to gel electrophoresis in 0.8% agarose and stained with ethidium bromide.
Pulsed-field gel electrophoresis (PFGE) and Southern analysis. Recombinant yeast colonies were grown in 10 ml of YPAD medium overnight at 30°C. Chromosome plugs were made according to the manufacturer's instructions (Bio-Rad). Agarose gels (0.9%) were run in a Bio-Rad CHEF MapperXA apparatus for 16 h at 6 V/cm with a switch time of 70 s and for an additional 12 h at 6 V/cm with a switch time of 120 s. Then, gels were stained with ethidium bromide. After denaturation, agarose gels were transferred to Hybond-N membranes (GE Healthcare) in 20ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). Southern hybridizations and radiolabeled DNA probes were done according to the standard procedures. The different DNA probes used in this work were amplified by PCR using the oligonucleotides listed in Table S2 in the supplemental material and were specific to the following open reading frames: probe 1, YCR001w; probe 2, MAT; probe 3, YCR061w; probe 4, YCR089w; probe 5, yCR105w; probe LEU, related to chromosome III; probe 6, YOR164w; and probe 7, YOR238w, related to chromosome XV.
RESULTS

A new assay for DSB-induced chromosomal translocations.
We devised an intron-based assay for the selection of chromosomal rearrangements induced by an HO-mediated DSB located at one specific site on chromosome XV of the yeast S. cerevisiae. As illustrated in Fig. 1 , the system is based on the two nonhomologous halves of the LEU2 gene integrated in chromosomes III and XV (see Materials and Methods). The 5Ј half (leu2⌬3Ј), followed by the 5Ј-end 62 bp of the ACT1 intron, was placed under the control of the galactose-inducible GAL1 promoter (GAL1p) and integrated at the right arm of chromosome III at the 227-kb position (Fig. 1A ). The 3Ј half (leu2⌬5Ј) was located downstream from the remaining 246 bp of the ACT1 intron (ACT1-i), integrated at the right arm of chromosome XV at the 722-kb position ( Fig. 1B ). Upstream of this ACT1-i-leu2⌬5Ј fragment, the 117-bp HO endonuclease recognition site was inserted. These genetically engineered chromosomes III and XV were created in both diploid (␣/ainc) and haploid (a-inc) cells containing the HO endonuclease gene under the GAL1 promoter, integrated at the ADE3 locus of chromosome VII, and most of the endogenous LEU2 gene deleted from its original locus on chromosome III. As expected, DSBs were observed at the inserted HO site on chromosome XV 30 min after HO induction, while no breaks were detected at MATa-inc even 24 h later (data not shown). A DSB at the HO site of chromosome XV could lead to Leu-positive (Leu ϩ ) recombinants by translocation of the leu2⌬5Ј fragment from chromosome XV close to the leu2⌬3Ј on chromosome III, with a functional intron in between (Fig. 1C ).
After 24 h of induction with galactose, Leu ϩ recombinants were obtained in haploid cells at a frequency of 10.2 ϫ 10 Ϫ6 Ϯ 3.6 ϫ 10 Ϫ6 (mean Ϯ standard deviation) ( Fig. 2B ). With shorter induction times, we obtained similar frequencies of Leu ϩ recombinants (24 ϫ 10 Ϫ6 Ϯ 8.9 ϫ 10 Ϫ6 after 4 h and 10.4 ϫ 10 Ϫ6 Ϯ 2.1 ϫ 10 Ϫ6 after 10 h), which indicated that the time range of HO induction used does not significantly affect the Leu ϩ recombinant frequency. In diploid cells, the frequency of Leu ϩ recombinants was 15 times lower than in haploids ( Fig. 2B) , likely due to the presence of the additional nonrecombinant homologous chromosome in diploids, which provided a competing partner for the repair of the HO-induced DSB via an HR event not resulting in Leu ϩ recombinants. However, other possible explanations cannot be discarded.
These results indicated that chromosomal rearrangements occur efficiently between chromosomes XV and III as a consequence of the single HO-induced DSB.
Different types of chromosomal translocations are induced by a single HO break. Chromosome rearrangements leading to the Leu ϩ recombinants were analyzed by PFGE in a number of independent events. Translocations were visualized by ethidium bromide staining and Southern analysis using a LEU2-specific probe, and the size of the new, rearranged chromosomes was estimated ( Fig. 2A ). On the basis of their molecular karyotypes, haploid Leu ϩ recombinants were grouped in four main classes, the most frequently represented recombinant class being class I (70%), followed by classes II (15%), IV (13%), and III (2%) (Fig. 2C ). Since the same recombinant types were recovered in diploid cells after DSB induction (see Figure S1 in the supplemental material), we decided to pursue the molecular characterization of the chromosomal rearrangements in the haploid strain only. It is worth noticing, however, that the distribution of recombinant classes was different in diploids than in haploids (see Figure S1 in the supplemental material), likely as a consequence of the presence of a competing homologous chromosome for the repair of the single HOinduced DSB.
Class I recombinants were characterized by the appearance of two novel chromosomes (685 and 740 kb long) concomitant with the loss of parental chromosomes III and XV ( Fig. 2A ).
Such chromosome losses were more evident for chromosome III than for chromosome XV, since the electrophoretic mobility of the latter was coincident with that of the nonrecombinant chromosome VII ( Fig. 2A ). The LEU2 signal was clearly detected in the smaller of the two novel chromosomes ( Fig. 2A ). Class II recombinants showed a molecular karyotype similar to that of parental cells, in which the LEU2 signal associated with both chromosome III and XV ( Fig. 2A ). Chromosome XV in this recombinant class appeared to have a slightly lower electrophoretic mobility ( Fig. 2A) , presumably due to the acquisition of unknown genetic information through some chromosomal exchange. Class III recombinants were characterized by the appearance of two novel rearranged chromosomes (600 and 880 kb long), which was accompanied by the loss of parental chromosomes III and XV ( Fig. 2A ). The LEU2 signal was specifically associated with the rearranged chromosomes. Finally, class IV was also characterized by two novel recombinant chromosomes (740 and 840 kb long). The smallest one was similar to that found in class I recombinants, and the largest one was only visible by hybridization with the LEU2 probe, because its electrophoretic mobility was coincident with that of the nonrecombinant chromosome II ( Fig. 2A) .
Mapping the chromosomal translocation breakpoints. To map the breakpoints of the chromosomal translocations, we analyzed PFGE gels by Southern blotting using radiolabeled DNA probes from different chromosomal regions (see Materials and Methods), including the right arm of chromosome III and two locations flanking the HO site at the right arm of chromosome XV (Fig. 3A) . The results obtained are summarized in Fig. 3 , where the deduced genetic maps of the translocated chromosomes are shown. In class I recombinants, whereas probes 1, 2, 3, 4, LEU, and 7 hybridized with the smallest novel chromosome (685 kb long), probes 5 and 6 were associated with the larger one (740 kb) ( Fig. 3B ). These data suggested the occurrence of a reciprocal translocation in- 3B ). In class II recombinants, it is noteworthy that probes 2 and 3 hybridized with both chromosome XV and III ( Fig. 3B ), indicating the existence of a duplicated chromosome III fragment, of at least 27 kb, inserted into chromosome XV during the DSB repair process. A similar conclusion could be extracted from the analysis of class III recombinants ( Fig. 3B ), since the same two chromosome III probes hybridized with the two new-sized chromosomes. Moreover, in class III recombinants, probe 6, which represents the fragment of chromosome XV proximal to the centromere, hybridized with the largest rearranged chromosome (880 kb long), whereas probe 7, representing the frag-ment of chromosome XV distal to the centromere, hybridized with the smallest (600 kb) chromosome ( Fig. 3B ). These results suggested that the duplication was accompanied by a reciprocal translocation involving both chromosomes III and XV. Class IV recombinants were similar to class I recombinants since they shared one of the rearranged chromosomes, which hybridized with probes 5 and 6. The largest rearranged chromosome was associated with all the remaining probes tested (Fig. 3B ), this chromosome being almost 100 kb larger than that in the class I recombinants.
To confirm the genetic map of the new, translocated chromosomes, we further analyzed all breakpoints by PCR using specific primers that anneal at the different fragments of chromosomes III and XV involved in the rearrangements (see Figure S2 in the supplemental material). Intriguingly, these results suggested that whereas class I and IV recombinants are originated by a common recombination event, class II and III recombinants are generated by another common event.
Importantly, as deduced from the genetic maps of the translocated chromosomes, the rearrangements generated in class I and IV recombinants appeared to involve intrachromosomal duplications, which were characterized by the juxtaposition of the probe 2-containing region immediately downstream from the probe 4-containing region ( Fig. 3) . A detailed analysis of these chromosomal junctions by Southern blotting confirmed this hypothesis and demonstrated that such intrachromosomal duplications are specific to class I and IV recombinants (see Figure S3 in the supplemental material).
On the basis of the previous results, we expected that the HMR locus should be specifically necessary for the origin of recombinant classes I and IV, because the breakpoints of such recombinant classes mapped at the HMR sequence. To assay this possibility, we generated a yeast strain in which the endogenous HMR locus was deleted. The frequency of HO-induced Leu ϩ recombinants in hmr⌬ cells decreased fivefold with respect to the wild-type levels (see Figure S4 in the supplemental material). The decrease was in agreement with the predicted lack of class I and IV recombinants, which constituted up to 80% of total recombinants in wild-type cells (see Fig. 2 ). As expected, PFGE analysis of the molecular karyotype of the Leu ϩ recombinants recovered from hmr⌬ cells revealed that no class I and IV recombinants but only class II recombinants were obtained (see Figure S4 in the supplemental material). Altogether, these results fully confirmed the genetic maps established for each class of translocated chromosome.
The endogenous ACT1 intron is essential for the DSB-induced translocations. To decipher the mechanism involved in the repair of the HO-mediated DSBs that give rise to a functional LEU2 gene, we also analyzed the breakpoints of the Leu ϩ recombinants by PCR using primers flanking the intron sequences. DNA sequencing of these breakpoints demonstrated that all Leu ϩ recombinants analyzed contained a full ACT1 intron sequence (data not shown). This result suggested that the repair of the HO-induced DSB on chromosome XV relied on the endogenous ACT1 intron of chromosome VI, which served as a bridge for a recombination reaction occurring between the two leu2 halves on chromosomes XV and III (Fig. 4A ).
If this hypothesis was correct, we should detect the recombination intermediates by PCR using specific oligonucleotides on February 14, 2020 by guest http://mcb.asm.org/ annealing at the appropriate sides of the ACT1 intron on chromosomes XV and VI (Fig. 4A ). As can be seen by the results in Fig. 4B , recombination intermediates covering chromosomes XV and VI were detected after 2 h of DSB induction. These recombination intermediates would include the 3Ј end of the ACT1 intron, which is also present at chromosome III (see scheme in Fig. 4A ). The only way this event can be completed, leading to a translocation containing a full ACT1 intron, is via a second recombination event with the 5Ј half of the ACT1 intron placed on chromosome III. This second recombination step was also monitored by PCR using specific oligonucleotides annealing at chromosomes VI and III, and the strand invasion intermediate was detected after 4 h of DSB induction (Fig. 4B ). Therefore, it seems that a triparental recombination event is responsible for the translocations detected. As one-ended DSBs are repaired via break-induced replication (BIR) (28) , it is likely that the PCR fragments derive from BIR intermediates. Indeed, the molecular nature of the intermediates detected is consistent with the idea that triparental translocations would be occurring by BIR (52) and is in agreement with the recently reported unstable nature of the BIR intermediates formed from one-ended DSBs (54) . Interestingly, after genomic DNA samples were treated with the S1 single-stranded DNA nuclease, PCR detection of the first HR step intermediates decreased dramatically (data not shown). This suggests that a pool of single-stranded DNA recombination intermediates are generated after HO cleavage in the first invasion step, consistent with a BIR reaction.
To confirm the role of the endogenous ACT1 intron as a bridge template during DNA recombination that leads to triparental translocations, we generated an identical yeast strain in which the endogenous ACT1 intron was deleted from the ACT1 locus, and we analyzed the Leu ϩ recombination frequency. In the absence of intron at the ACT1 locus, the frequency of Leu ϩ recombinants dropped by 4 orders of magnitude (Fig. 2B ). This result confirmed the essential role of the endogenous ACT1 intron in the generation of the observed Leu ϩ recombinants and that triparental recombination via BIR plays a crucial role in repairing induced DSBs through the generation of chromosomal translocations.
The second end of the HO-induced DSB is also processed via BIR. We have seen that from the two DNA ends generated by the HO break at chromosome XV, the centromere-distal end was able to promote a triparental reaction that generated a Leu ϩ translocation via the ACT1 intron. The question remaining is the fate of the second, centromere-proximal end of the induced DSB. Since the 117-bp HO cut site corresponds to the Y/Z sequences of both the MATa and HMR loci on chromosome III, the centromere-proximal end of the DSB generated at chromosome XV (the one that does not contain any ACT1 intron sequence) has 75 bp of homology with such Y/Z sequences of both the MATa and HMR locus ( Fig. 5 ). Consequently, the centromere-proximal end of the HO-induced break has the potential to initiate a second one-ended BIR reaction in these loci at chromosome III, priming DNA synthesis outwards to the telomere and leading to an additional translocation. To confirm this hypothesis, we used specific oligonucleotides annealing to the appropriate regions of both chromosome XV and chromosome III around the HO sequences for PCR analyses. As shown in Fig. 5 , recombination There was no sequence homology between the two DNA fragments integrated in chromosomes III and XV. The different chromosomes have been aligned according to the homology of the ACT1-i (a vertical dashed line is used as a guide). (B) PCR detection of the two consecutive HR steps leading to a full-length LEU2. Genomic DNA samples were extracted at intervals after induction of HO cleavage with galactose (Gal). For the first HR step, two specific oligonucleotides annealing at chromosome XV (p2) and chromosome VI (p1) were used. The PCR yielded a specific 0.4-kb amplimer visible 2 h after induction of HO cleavage by the addition of galactose (top panel). For the second HR step, which occurs between chromosomes VI and III, oligonucleotides p3 and p4 were used. The PCR rendered a 0.5-kb amplimer that was visible 4 h after DSB induction (middle panel). A third PCR amplification using oligonucleotides p1 and p4, done as a control, generated a 0.3-kb product (bottom panel). (C) Recombination intermediates corresponding to the two consecutive HR steps during triparental recombination were amplified as described for panel B using genomic DNA samples extracted from at least three independent kinetics assays. PCR products were quantified, and values were normalized to those of the control product generated with oligonucleotides p1 and p4. Mean values and standard deviations are shown. A.U., arbitrary units.
intermediates were detected at both the MAT locus and HMR locus by PCR. Strand invasion at the HMR locus that occurred after DSB induction generated a recombination intermediate that covers the 20-kb region toward the right telomere (Fig.  5A ). This reaction was the same for recombinants of classes I and IV, as shown by PCR analysis of the chromosomal junctions (see Figure S2 in the supplemental material). The recombination intermediate at the MAT locus was also detected after DSB induction and would be responsible for the translocation, including 116 kb of the farthest right end of chromosome III toward the telomere (Fig. 5A ). This intermediate was the same for the recombinants of classes II and III, as shown by PCR analysis of the chromosomal junctions (see Figure S2 in the supplemental material).
These results demonstrate that the centromere-proximal end of the DSB generated after HO induction on chromosome XV is also efficiently repaired by an independent recombination event, consistent with the molecular nature of the reciprocal translocations detected by PFGE and with the idea that these occur by independent BIR events.
HR functions are required for triparental translocations. To test whether triparental translocations were dependent FIG. 5. Repair of the centromere-proximal HO-mediated DSB by BIR with both HMR and MAT loci. (A) BIR can be initiated by the centromere-proximal induced-DSB end at the HMR/MAT locus. Strand invasion at both the HMR locus and the MAT locus, represented as a black line, was detected by PCR with oligonucleotides p15-1 and p3-1 (left) and p15-2 and p3-2 (right), respectively. The location of the GAL1-leu2⌬3Ј fragment in chromosome III is represented as a black arrowhead. Both the HMR locus and the MAT locus are represented as white boxes in chromosome III. DNA synthesis is indicated with a stretch of dashed black line. (B) PCR detection of the exchange at the HMR locus gave rise to a 0.9-kb product that was visible 2 h after HO induction (top panel). PCR detection of the exchange at the MAT locus generated a 2.7-kb product that was visible 4 h after HO induction (middle panel). A third PCR amplification was done as a control, using oligonucleotides p1 and p4 (see Fig. 4 ), which generated a 0.3-kb product (bottom panel). In all cases, genomic DNA samples were extracted at different intervals after HO induction. Gal, galactose. (C) Quantification of strand invasion at HMR (left) and MAT (right) loci. Recombination intermediates were amplified as described for panel B using genomic DNA extracted from at least three independent kinetics assays. PCR products were quantified, and values were normalized to those for the control product generated with oligonucleotides p1 and p4. Mean values and standard deviations are shown. A.U., arbitrary units. VOL. 29, 2009 TRIPARENTAL CHROMOSOMAL REARRANGEMENTS IN YEAST 5447 on February 14, 2020 by guest http://mcb.asm.org/ on HR functions, we first analyzed the effects of rad52⌬ and rad51⌬ mutations on HO-induced chromosomal translocations. These mutations abolish the strand annealing and reciprocal exchange steps, respectively, of HR in yeast. No Leu ϩ recombinants were recovered after HO-mediated DSB induction in rad52⌬ mutants (see below). Furthermore, we were unable to detect by PCR the intermediate of the first recombination step in this mutant (Fig. 6B) . Therefore, DSB-induced triparental translocations are absolutely dependent on Rad52.
No Leu ϩ recombinants were recovered after DSB induction in the rad51⌬ mutants, either (Fig. 7A ). In this case, however, the first reaction intermediate between chromosomes XV and VI could be detected by PCR, whereas the second recombination intermediate, occurring between chromosomes VI and III, was undetectable (Fig. 6 ). This result implies that the first HR step could also occur in the absence of Rad51, as shown in specific BIR events between inverted repeats (5, 37, 48) , whereas the second BIR reaction, between chromosomes VI and III, would occur at a much lower frequency. Indeed, PCR analysis of the HMR-MAT strand invasion steps in rad51⌬ mutants revealed recombination intermediates in all cases (Fig. 6A ). This result would be consistent with a low frequency of effective BIR reactions that would lead to a detectable intermediate in the first invasion event but not in the second, presumably as a consequence of the need to switch templates. As Rad59, a homolog of Rad52 that also promotes strand annealing, has been shown to be critical in Rad51-independent HR, including RAD51-independent RAD52-dependent BIR between inverted repeats (5) , we decided to test whether Rad59 was also required for triparental translocations. The Leu ϩ recombinant frequency in rad59⌬ mutants decreased 3.5-fold with respect to that of wild-type cells (Fig. 7A) . Moreover, the distribution of the Leu ϩ recombinant classes showed a bias toward class I recombinants compared to the distribution in wild-type cells ( 2 ϭ 6.18, P Ͻ 0.05) (Fig. 7B ). Therefore, viable triparental translocations depend completely on the Rad51 and Rad52 functions and, significantly, on Rad59, as expected for HR mitotic recombination. In agreement with these results, NHEJ does not participate in the triparental translocations observed, since deletion of Ku70 had no effect on either the frequency or distribution of recombinant classes (Fig. 7) .
Requirement of POL32 for triparental translocations. It has recently been reported that the nonessential subunit of replicative DNA polymerase ␦, Pol32, is specifically required for BIR in yeast (36) . Therefore, after confirming that HR was responsible for triparental translocations, we evaluated the dependence of the HO-induced translocations on Pol32 as a more direct way of confirming that triparental translocations occurred via BIR. As can be seen by the results in Fig. 7A , the recombination frequency in pol32⌬ mutants decreased 16-fold with respect to that of the wild type. This indicates a relevant role for Pol32 in the triparental recombination events, even though they were not fully abolished since some Leu ϩ recombinants were recovered. Consistently, whereas the first HR invasion step was easily detected by PCR in pol32⌬ mutants, the second HR step occurred at a lower efficiency in pol32⌬ mutants and was detected much later (Fig. 6A ). When we analyzed the molecular karyotype of the Leu ϩ recombinants recovered from pol32⌬ cells, no differences were detected in the distribution of translocation classes with respect to their distribution in the wild-type recombinants (Fig. 7B) . These results suggested that Pol32 plays an important role in triparental translocations, even though a less-efficient Pol32-independent mechanism can also repair HO-induced DSBs by triparental translocations. The results also indicate that BIR accompanied by template switching is a major source for triparental translocations.
A role for nonreplicative helicase Srs2 but not for Rad1 and Mus81 endonucleases in BIR-mediated triparental translocations. Nonreplicative helicases play important roles in the maintenance of genome integrity (25, 51) . The Srs2 helicase seems to have a complex role in HR (25) . It appears that it prevents potentially lethal recombination intermediates by dis- on February 14, 2020 by guest http://mcb.asm.org/ placing Rad51 nucleofilaments from single-stranded DNA (29, 60) and crossovers by unwinding the invading strand from the donor DNA (16) . We wondered whether Srs2 helicase contributed to the chromosomal translocations generated in our assay. As shown by the results in Fig. 7A , the frequency of DSBinduced Leu ϩ recombinants in srs2⌬ mutants was approximately sixfold lower than for wild-type cells, the distribution of the recombinant classes being similar (Fig. 7B ). However, early HR intermediates, as detected by PCR, accumulated in srs2⌬ mutants at levels similar to the levels in the wild type ( Fig. 6) , consistent with the idea that the function of Srs2 in recombination is only relevant after strand invasion. These data suggested that Srs2 has a significant role in the outcome of the triparental recombination reaction. Finally, two different and homologous endonuclease complexes, Rad1/Rad10 and Mus81/Mms4, have been involved in the cleavage of the different types of DNA branched substrates generated during DNA repair (6), Mus81 being a eukaryotic candidate for replication-mediated processing of cruciform structures (50, 56) . To assess whether such endonucleases could have a role during triparental translocations that could imply the formation of cruciform intermediates or branched structures, we tested the effect of both rad1⌬ and mus81⌬ mutations on Leu ϩ translocations. As shown in Fig. 7A , neither rad1⌬ nor mus81⌬ mutants were affected in the frequency of Leu ϩ recombinants with respect to their frequency in the wild-type strain. These data suggest that neither endonuclease has a general role during the triparental recombination process.
DISCUSSION
Using a newly developed experimental assay for chromosomal rearrangements in S. cerevisiae, we found that a single DSB located on chromosome XV uses a short homologous sequence found in chromosome VI as a bridge to complete DSB repair, leading to translocations between chromosomes XV and III. Such translocations are dramatically reduced when the short homologous sequence on chromosome VI is deleted. Translocations rely on HR proteins, such as Rad51, Rad52, and Rad59, as well as on the BIR-specific protein Pol32 and, to a lesser extent, on the DNA helicase Srs2, but not on Ku70 and Mus81. Our results indicate that a single chromosomal DSB efficiently searches for short homologous sequences throughout the genome for its repair. This leads to triparental translocations between heterologous chromosomes via an HR mechanism that primarily involves two rounds of BIR. Therefore, in the presence of short repeated sequences, translocations generated by one DSB occur preferentially via BIR-mediated triparental recombination rather than by NHEJ. Given the abundance of repetitive DNA in eukaryotic genomes, the results of this study open the possibility that HR may be a major source of chromosomal translocations associated with genetic diseases and cancer.
Despite the absence of direct homology between the two chromosomal fragments involved in the translocations between chromosomes XV and III selected in our assay, a homologous partner in a third chromosome is used to repair the DSB via HR. The existence in chromosome VI of a 246-bp sequence homologous to the centromere-distal end of the induced DSB (the downstream half of the ACT1 intron) provides a bridge to complete a triparental recombination event. Triparental translocations require at least two rounds of strand invasion and DNA synthesis. The molecular nature of these translocation events suggests that BIR initiated in one chromosome may be unstable and suffer dissociation and template switching, as recently reported with a minichromosome assay in which only one end of a DSB was homologous with a parental chromosome (54) .
As previously shown with other assays, one single DSB can lead to translocations (8, 17, 18, 20, 38, 45) . However, in contrast to previous systems studied in which translocations can be generated by an efficient ectopic crossover/gene conversion mechanism (17, 19, 20) , the very low frequency and the nature of the translocation events analyzed here suggests that our system detects a different type of events. Not only do they involve three different chromosomes and two intermolecular HR steps, but they occur primarily by BIR.
The frequencies of these events in our diploid cells are 1.5to 15-fold lower than was reported for a similar assay involving one single recombination step (45) . Whether this difference is due to the possibility that the two subsequent recombination steps observed in our strain might not be independent from each other, to a position effect, to the chromatin structure or transcriptional state of the donor sequence, to strain background, etc, is uncertain.
Differential role of HR genes and mechanistic insights into multiparental BIR-mediated translocations. Both Rad52 and Rad51 are strictly required for the completion of the BIRmediated triparental translocation events, as determined by PCR assays and genetic analysis. Nevertheless, although no intermediates were observed for either the first or second HR steps in rad52⌬ mutants, only the intermediates of the second exchange reaction were not observed in rad51⌬ mutants. It is unclear how a DNA strand invasion can occur in the absence of Rad51 in the first HR step in our assays. The suggested requirements for Rad51 in HR seem to depend on the chromatin context (55), on the length of the recombining sequences (24) , or on topological constraints (37) . It has been proposed that recombination between inverted repeats can occur by Rad51-independent BIR events (5, 12, 58) . It is also possible that relaxation of the DNA surrounding the DSB site after cleavage spreads to the repeat used as a donor, facilitating the opening of the DNA strands and the invasion catalyzed by Rad52 and Rad59 in the absence of Rad51 (2) . The existence of a Rad59-dependent single-strand-annealing mechanism associated with BIR in the absence of Rad51 (24, 26) would indeed be consistent with the significant reduction of translocations in rad59⌬ cells in our assays.
Nevertheless, an important difference between the first HR event between chromosomes XV and VI and the second exchange between chromosomes VI and III may be that the former is originated after one induced DSB, whereas the latter would be initiated from an ongoing recombination intermediate on chromosome VI. If BIR generates unstable intermediates, as previously proposed (54) The lack of detection of translocations in rad51⌬ cells, as well as the strong reduction of the translocations in pol32⌬ mutants, indicates that Rad51-dependent BIR has, indeed, a major role in the completion of the chromosomal translocations observed here, since Pol32 has been reported to be important for BIR (36) . Nevertheless, we observed that the triparental translocations are not completely abolished in pol32⌬ mutants, the type of translocations generated being the same as in wild-type cells. This indicates that Pol32 only affects the efficiency rather than the outcome of the BIR event. These results suggest the existence of a Pol32-independent pathway to generate translocations, which is consistent with the detection by PCR of recombinant intermediates in the first exchange reaction in pol32⌬ mutants, as well as in the second exchange reaction after longer times of HO induction. This would be in agreement with recent data suggesting that the pol32⌬ muta-tion does not eliminate DNA synthesis from one-ended strand invasion intermediates, although its frequency is strongly reduced (53) . Furthermore, the absence of Pol32 leads to unusual repair outcomes, such as half-crossovers (14, 53) .
One important feature of our assays, in contrast to other, previously described BIR assays (8, 13, 54) , is that both ends of the induced DSB must be repaired to guarantee the viability of the haploid cells. Whereas the centromere-distal end is repaired by BIR-mediated triparental recombination, the centromere-proximal end is repaired primarily by BIR via the HMR (class I and IV recombinants) or the MAT (class II and III recombinants) homologous sequences (Fig. 8 ). Since both ends of the broken chromosome need to be rescued, the frequency of Leu ϩ recombinants measures the repair of both ends and not just that of the end involved in template switching. Given this limitation, we cannot attribute the decrease in translocation frequencies observed in the mutants to failures in the rescue of either one or the other end of the DSB. In order to avoid the loss of essential genes located between the two different BIR invasion sites, the triparental BIR reaction that moves toward the chromosome III centromere (CEN3) must switch the template from the MAT/Y sequence to the homologous HMR/Y sequence (gray arrow). Then, the BIR reaction can continue DNA synthesis back toward the CEN3. Depending on the number of intrachromosomal template-switching rounds, class I (one round) and IV (two rounds) recombinants could be generated. This multiple BIR reaction would be finally resolved before reaching CEN3, leading to the Leu ϩ chromosome III-XV translocation genetically detected in these studies. (B) DSB repair of both the centromere-proximal and -distal end by convergent BIR reactions. The HO-mediated centromere-proximal DSB end can be repaired via BIR at the MAT locus. In this case, two opposite BIR reactions would be generated, which might occur with either similar or different time frames. If each BIR reaction occurs in a different time frame (right), the reaction initiating at the MAT locus would reach the telomere while the reaction traveling toward the centromere would be finally solved as described for panel A. This scenario would generate class III recombinants. If the two opposite BIR reactions take place in the same time frame (left), both recently synthesized DNA molecules can either reanneal in a SDSA-like reaction (class II recombinants) or lead to double-Holliday junction structures to be resolved (class II and III recombinants, depending on whether the two Holliday junctions are resolved in the same orientation-that is, both horizontal or both vertical-or in different orientations-that is, one horizontal and the other vertical-respectively).
VOL. 29, 2009 TRIPARENTAL CHROMOSOMAL REARRANGEMENTS IN YEAST 5451 on February 14, 2020 by guest http://mcb.asm.org/ Interestingly, triparental recombination initiated at the centromere-distal DSB end occurs inwards toward the centromere of chromosome III (Fig. 8 ). In all recombinant classes except class II, DNA synthesis can continue after template switching, along chromosome III until it reaches the centromere of chromosome III. There, the HR event would be resolved, since the BIR reaction is not able to proceed through centromeres (43) , providing an explanation for the absence of a parental nonrecombinant chromosome III in the Leu ϩ translocants.
In our assays, whereas the centromere-distal end is repaired by BIR-mediated triparental recombination, the centromereproximal end is repaired primarily by BIR via the HMR (class I and IV recombinants) or the MAT (class II and III recombinants) homologous sequences (Fig. 8 ). Since the chromosome III region between MAT and HMR contains essential genes, cells in which the centromere XV-proximal end of the DSB invades HMR (class I and IV recombinants) need to maintain such an essential region for viability ( Fig. 8A) . Our data suggest that the triparental reaction occurring toward the chromosome III centromere can switch between the MAT/Y and HMR/Y template sequences, creating duplications of the internal regions ( Fig. 3 and 8A) and consistent with the observation that deletion of the HMR locus completely abolished class I and IV recombinants.
Interestingly, in class II recombinants, there are two BIRindependent events, both initiated on each end of the induced DSB (Fig. 8B ). In this case, two convergent BIR reactions would encounter each other and cDNA strands would be synthesized which could theoretically anneal with each other after dissociation, in a SDSA-like mechanism. In this sense, it is known that HR is favored in diploid versus haploid yeast (57) . Consistent with this, class II recombinants are overrepresented in diploids with respect to their occurrence in haploids in our experimental system. On the other hand, the frequency of class II recombinants was strongly reduced in rad59⌬ mutants, which suggests that, indeed, the annealing of the two recently synthesized DNA strands becomes necessary, consistent with Rad59 being absolutely required for the annealing of homologous sequences, especially when they are short (55) . Related to this, it has recently been reported that Rad59 is also required for chromosomal translocations generated by simultaneous HO-mediated DSB (45) .
Finally, since Srs2 helicase favors SDSA reactions (16), a reduction in the frequency of recombinants in srs2⌬ mutants should be expected in our experimental assays. Consistently, the frequency of the translocations drops fivefold in srs2⌬ cells versus the levels in the wild type. One possibility could be that the effect of the absence of Srs2 in the triparental recombination events could be related to the function of Srs2 in the recovery from checkpoint-mediated arrest after a DSB (59) , and in agreement with this possibility, the detection of HR intermediates in srs2⌬ mutants was similar to that in the wild type.
Biological relevance of BIR-mediated translocations. Our results support a model in which BIR is the natural consequence of DNA strand invasion during any type of HR repair event when the second end of the break is not captured and does not generate a Rad51 nucleofilament that could block DNA synthesis. In the case of class II recombinants, as each asymmetrical end invades sites separated by 27 kb, DNA syn-thesis initiated at each end is able to go all the way until the two strands encounter each other or until they find the invading point of the other end, where the cruciform structure or the Rad51 nucleofilament would impede the progress of DNA synthesis (2) . This is the first evidence that HR DSB repair can be seen as two independent events that encounter each other in the same invaded template, implying that the coordinated invasion of the two ends of the break is not necessarily required.
Finally, our results suggest that template switching events occurring during BIR (54) can be very efficient, generating multiple recombination events. It is noteworthy that template switching might have an important role in the genesis and/or development of some human genomic disorders that are characterized by the presence of genomic rearrangements, such as duplications and translocations (7, 11, 22, 31) . From our data, it is tempting to speculate that BIR-mediated triparental HR events can be a powerful mechanism generating chromosomal translocations, which can be a source of tumorigenesis. In this sense, an involvement of BIR-mediated DSB repair pathways in the generation of oncogenic translocations and gene amplifications affecting the immunoglobulin H and c-myc loci in B cells has been suggested (15) . The relevance of HR in the development of B cells has become more evident with the publication of several recent works (10, 40) . Interestingly, a prevalent use of nonconservative HR pathways, such as BIR, in B cells has recently been suggested, implying that they may have a role in the diversification of immunoglobulin genes (40) . This same type of event may cause the genesis of lymphomas by the generation of chromosomal rearrangements when short homologous sequences on different chromosomes are used. The demonstration that one single DSB in the genome can efficiently lead to chromosomal translocations between nonhomologous chromosomes via multiparental HR events provides a new and possibly major mechanism for the generation of translocations, opening new perspectives for the origin of chromosomal rearrangements in eukaryotic cells.
